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Three improved ground-viewing radiometers were built to support the Radiometric Calibration Test Site
(RadCaTS) developed by the Remote Sensing Group (RSG) at the University of Arizona. Improved over
previous light-emitting diode based versions, these filter-based radiometers employ seven silicon detec-
tors and one InGaAs detector covering a wavelength range of 400–1550 nm. They are temperature con-
trolled and designed for greater stability and lower noise. The radiometer systems show signal-to-noise
ratios of greater than 1000 for all eight channels at typical field calibration signal levels. Predeployment
laboratory radiance calibrations using a 1 m spherical integrating source compare well with in situ field
calibrations using the solar radiation based calibration method; all bands are within �2.7% for the case
tested. © 2013 Optical Society of America
OCIS codes: 130.6010, 230.0040, 280.4788, 280.4991.

1. Introduction

The knowledge of the radiometric calibration of
Earth observing satellites has been shown to be cri-
tical to the success of these sensor systems. Pre- and
post-launch radiometric calibration are necessary to
accurately define the calibration of a satellite sensor
over time [1,2]. The Remote Sensing Group (RSG) at
the University of Arizona has provided pre-flight and
post-launch radiometric calibrations for many satel-
lite and airborne systems since the mid-1980s [3,4].
A majority of this work at RSG has been with post-
launch (or in-flight) calibration; specifically vicarious
calibration using the reflectance-based method. The
accuracy of the reflectance-based method has im-
proved over time as equipment and procedures are
upgraded, in many instances as low as 1.5%–2.5%

uncertainty [5]. The manned vicarious calibrations
provided by RSG have been helpful to numerous
satellite and airborne systems [6–8].

Typical RSG vicarious calibration, as detailed in
[9], has some drawbacks. The cost and time required
for personnel on-site for each calibration limits the
number of vicarious calibrations attempted. Among
other reasons, this is why the Radiometric Calibra-
tion Test Site (RadCaTS) was developed as an auto-
mated, unmanned calibration approach beginning in
2004 at a proven RSG vicarious calibration test site:
Railroad Valley (RRV) dry lake bed, Nevada [10].
The RadCaTS concept mimics the basics of the
reflectance-based vicarious calibration with three
main sets of data needed at the time of satellite
overpass: atmospheric transmission measurements,
ancillary meteorological measurements, and
surface reflectance measurements. Atmospheric
measurements are made with an Aerosol Robotic
Network (AERONET) Cimel sun photometer [11],
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meteorological station data are recorded and surface
reflectance measurements are made with ground-
viewing radiometers (GVRs). Surface reflectance,
or more specifically for this work bidirectional reflec-
tance factor (BRF) [12] is determined for the surface
of interest in each case. All of these are used as in-
puts into a customized, RadCaTS-specific radiative
transfer code that utilizes current MODTRAN [13]
software.

At its onset, the RadCaTS site was populated with
radiometers using LEDs as the optical detector. The
concept of producing low cost radiometers with a
somewhat limited spectral responsivity has been em-
ployed in many scenarios [14–18]. Over the years of
initial GVR deployment, more LED radiometers
were built and installed to improve spatial sampling
of the test site. Improvements were also made to the
optical design of these radiometers, and by 2007 the
site was outfitted with five three-channel LED radio-
meters that employed a two-lens collector containing
an objective and field lens [19].

The results of this initial RadCaTS site were pro-
mising given the fact that the radiometers were built
and deployed under requirements to use low cost
parts yet still be capable of autonomous field opera-
tion. In comparison to the typical RSG vicarious
calibration method, the results showed higher
variability. Yet the sheer quantity of data and the
production of results usable as a secondary means
of monitoring sensor calibration showed that the
automated site was a useful means of vicarious
calibration.

Several studies were performed to assess the us-
ability of these data and ways to improve the results
from the automated site. Initially, the effort was
focused on determining how many radiometers were
necessary to achieve a spatial average of the test site
[20]. This topic is specific to the resolution of the
airborne or satellite sensor in question and the area
being sampled. However, it was deemed that for this
site at RRV, a reasonably small number of radio-
meters (four) would be able to produce an average
reflectance indicative of the entire site. In this eva-
luation process, it became apparent that the quality
of results, after installing a required number of
radiometers, was directly tied to the quality of the
reflectance data as measured by the GVRs [21].
Thus, a major focus of recent improvement to the
RadCaTS site has been the design, construction,
and deployment of improved GVRs.

2. Radiometer Concept

The LED-based radiometers used as GVRs during
the initial population of the RadCaTS site were
produced with a prior understanding of their limita-
tions. Due to funding and other factors it was decided
that a proof of concept site was necessary, and LED
radiometers achieved this goal. However, the limit-
ing factor in the accuracy of the RadCaTS results
was the performance of the radiometers, so new
and improved versions were developed.

A few particular shortcomings of the LED-based
design continuously affected the results from the
early RadCaTS site. Commercially available LEDs
tested by RSG were limited in spectral variety and
had moderately wide (50 nm or greater) spectral
bandpasses, which were often asymmetric about cen-
ter wavelength [19]. For these reasons, and initial
data logger limitations, the LED-based radiometers
included three detectors. This limited the knowledge
of the spectral shape of the ground reflectance in the
typical spectral range of interest (350–2500 nm)
during field operation. Figure 1 shows a sample re-
flectance of RRV playa as measured by a field spec-
trometer during typical RSG reflectance retrieval
detailed in [9]. The full width at half maximum
(FWHM) bandwidth of each of the three LED
channels is highlighted.

In addition, LEDs, when used as detectors, are par-
ticularly sensitive to temperature. Not only is there a
change in dark current and thus measured signal
(as with most photosensitive devices), there is also
a change in spectral responsivity with temperature
[15]. Also, the lack of sensitivity of LEDs required
a powered optical solution to increase throughput
for the LED radiometers. The design chosen for this
was a two-lens system consisting of an objective and
a field lens placed at the image plane of the objective.
This concept was utilized in order to help provide a
more even illumination to the LED detector plane
[19,22]. This method was operational, however, once
in the field it was noted that the front (objective) lens
was often found quite dirty, even while being
somewhat shrouded by its housing. This is a problem
in terms of throughput for any optical system, and in
the case of the LED-based GVRs, the problem was
exacerbated by the fact that the field lens focuses
an image of the objective lens onto the LED detector
plane. Any obscuration at that surface is focused
on the detectors, making a potentially minor

Fig. 1. (Color online) Typical spectral reflectance of RRV dry
lake. FWHM bandwidth information for LED radiometer channels
is depicted as the width of the (yellow) rectangles. The height of
the rectangle is arbitrary. ASL, above sea level; SZA, solar zenith
angle.
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throughput problem amajor location dependent (and
therefore channel dependent) problem based entirely
on where dirt or mud collects.

These important lessons learned with the LED
radiometers, coupled with the group’s experience
making high quality laboratory transfer radiometers
[23–26], provided a strong basis for a new radiometer
design. Sparked by new funding and the aforemen-
tioned research that showed a necessity for higher
quality reflectance measurements, RSG decided to
construct a more traditional radiometer that uses
interference filters coupled with well-understood
stable detectors.

Optical detection is accomplished using seven
silicon detectors and one InGaAs detector that are
housed in individual modules. Figure 2 shows a
module and associated layout. An interference filter
with an approximate 20 nm bandpass (FWHM) is
located in front of the rear aperture for spectral
selection. The two apertures fully limit the field-
of-view (FOV) of the module (or “channel”), although
additional apertures at the front of the system are
used as stray light baffles. Eight channels, seven
VNIR and one SWIR, make up the detector plane
of the new GVR.

The baseplate of each module has a 2° angle, which
allows each channel to view the same section of
ground. The eight modules are mounted in a circular
pattern and the tilt directs the center of each channel
FOV toward the vertical centerline of the instrument
as viewing nadir. When the radiometer is mounted at
1.5 m, the center of the FOV projection for each chan-
nel matches on the ground. This allows for the sys-
tem to be optically unpowered yet have little effect
from spatial variation viewing different areas of
the site. The decision to tilt at 2° was a balance be-
tween the height of the mount and an effort to mini-
mize the view angle from nadir. Previous work has
shown that the BRF of RRV is consistent for near-
nadir view angles [27]. This supports the notion that
tilting the focal plane in this manner should not be a
cause for concern with respect to directional
dependence of the surface reflectance.

Figure 3 shows the RRV playa surface with a sam-
ple GVR FOV projection. This FOV, nominally 10°
full field, was implemented for similarity to the
11° nominal FOV of the previous LED version radio-
meters [19]. The size of the approximate projection
on the ground depicted in the figure is calculated
using the theoretical FOV of each instrument
(19.3 cm for LED version and 26.2 cm for current

GVR). More information regarding FOV, including
characterization, is included in section four. Due to
the greater height of the mounted radiometer, the re-
sulting area on the ground detected by the current
GVR is 36% greater than previous radiometers,
which should result in a slightly better spatial
average of surface features.

For improved stability and accuracy of reflectance
measurements, GVRs have been outfitted with a
thermal stabilization system utilizing a thermoelec-
tric (TE) cooler. While not as susceptible to thermal
variations as the LED-based radiometers, there is
still a need for thermal control to keep these band-
dependent variations to a minimum. The thermal
control, however, is quite costly with respect to power
for this autonomous system so the thermal system
only operates when there is ample signal as read
by the 850 nm detector channel. This control was im-
plemented to ensure the system does not waste
power over night or during very cloudy periods.
There is more information about the thermal control
system in the following section.

3. System Design and Implementation

At the time of this publication three updated GVRs
have been produced at RSG: GVR 21, 22, and 23.
GVR 21 was deployed initially in May 2011. After
GVR 21 was built and deployed, some design up-
grades were implemented into the production of
GVR 22 and 23, which were built simultaneously
and deployed during October 2011. GVR 21, because
of its production as prototype for the new GVR
design, has some unique features. They will be men-
tioned where appropriate, but in a general sense the
design discussed in this paper will be that of GVR 22
and 23. Figure 4 contains a photo of GVR 23 as
deployed.

The GVR data scheme is relatively simple. The
voltage output from all eight channels, system vol-
tage, temperature of the detector array baseplate
and other ancillary information is logged by a data
logger every two minutes. Power to the logger and
signal electronics is continuously provided and the
two minute data interval is constant during typicalFig. 2. (Color online) Single GVR module assembly.

Fig. 3. (Color online) RRV dry lake surface with approximate
ground projection of LED FOV (solid circle) and GVR FOV (dashed
circle).
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operation. However, power to the thermal control
system is only supplied based on logged events. Logic
in the data logger toggles a solid state relay to power
the thermal system. The thermal system is switched
on when signal from the 850 nm detector channel
crosses a set threshold voltage.

GVRs are outfitted with data loggers, which have
18 bit effective resolution for analog voltage mea-
surements. After issues with LED radiometer data
loggers collecting with 8 bit resolution, it was decided
that much greater accuracy and resolution was
needed to adequately make use of the performance
improvements of new GVRs. The loggers are also de-
signed to operate in temperatures found inside enclo-
sures in field environments. The logger’s logic and
output customization available also makes it very
convenient for dynamically controlling the power
output for the TE cooling system via thresholds set
on logged data.

A. Signal Electronics Design

The electronics associated with the GVR detector
plane are shown in Fig. 5. A custom circuit board
with seven layers was designed to house the neces-
sary signal amplification electronics and associated
noise reduction components. Although the circuit is
based on a fairly standard signal amplification de-
sign using operational amplifiers, the complexity of
the circuit is compounded by space, accuracy, and
thermal requirements.

Because the systemwas designed to have tempera-
ture control for the detector area, it was decided
to include the circuit board and signal electronics
in the temperature controlled area. The most
temperature-sensitive components are mounted on
the underside of the circuit board closest to the
temperature controlled aluminum base. The board
is also surrounded by an insulator to help ensure
the entire board is receiving at least some degree
of temperature control. Temperature is not moni-
tored at the board (it is monitored nearby on the
baseplate), but the system results appear to show
that the electronics are performing consistently.

More can be found on system performance in later
sections.

B. Thermal Control

The head of the GVR is split into two sections. The
internal view in Fig. 5 shows the front (or lower
section as deployed), temperature controlled section
of the head. This section houses all the detector chan-
nel assemblies along with the signal electronics and
associated parts. Behind the temperature controlled
aluminum base is the thermally uncontrolled side,
which houses mainly the hot side of the TE cooler,
including the heat sink and cooling fan. Both sections
are exposed in the internal assembly photo Fig. 6.

The TE cooler system used is a 12 V, 36 W TE cold
plate system, which means that the temperature
control is delivered via direct contact as opposed to
an air cooler. This allows better thermal control of
the most important components; in this case the
detectors and the detector channels. The system is

Fig. 4. (Color online) GVR 23 deployed at RRV, Nevada.

Fig. 5. (Color online) Front view of GVR head. The eight modules
surround the detector amplifier board and electronics.

Fig. 6. (Color online) Internal GVR mechanical assembly.

234 APPLIED OPTICS / Vol. 52, No. 2 / 10 January 2013



controlled via a bidirectional temperature controller
set to 25°C. The thermal control is set using a 15 kΩ
thermistor as the control temperature monitor, and a
high quality thermistor mounted near a detector
channel on the baseplate is logged as an independent
temperature measurement.

Figure 7 shows examples of the day-to-day opera-
tion of a GVR with specific attention to the thermal
and power characteristics encountered in different
conditions. The “on” event can be noted in this plot
where the logged system power voltage briefly drops,
and “off” events typically appear in this plot as an
increase in logged voltage. A good example of an
“on” event for a day occurs near hour 31 where the
short monitored voltage drop can be seen and the
GVR temperature climbs quickly during initial TE
system heating. The final “off” event for that day oc-
curs near hour 42 where the logged voltage quickly
increases a small amount and the GVR temperature
rises to approximately 32°C before falling during the
night. These events are the points during which
power to the TE cooling system is turned on (if above
threshold) or off. Currently, this is set by the 850 nm
channel of the GVR and the value is chosen to ensure
morning operation commences well prior to a typical
overpass of interest (∼10∶30 local time or after) in
the winter. The 850 nm channel was chosen due to
its relatively low gain (due to high silicon responsiv-
ity and high signal), high and spectrally flat site re-
flectance, and low temperature dependence. The goal
is to set the point such that summer thermal opera-
tion doesn’t last longer than is necessary, and very
cloudy periods also turn off the TE operation. This
set point could be further researched to the point
of providing more overall power efficiency, but thus
far the system operation has supported set points
that are likely safer than necessary to ensure no
required data are missed.

C. System Power Architecture

In order to accomplish all the goals of improved per-
formance for the new GVRs, it is necessary to have a

fairly complex, high-wattage power scheme. Specifi-
cally, the requirement for thermal control drives the
need for high power consumption at times. A solar-
charged high-amperage battery system is used for
this purpose and is also used for the entire system
power. However, power needs for the various ele-
ments in this system require a customized solution.
A block diagram outlining the power scheme for the
GVR is shown in Fig. 8.

The system power architecture for the GVR went
through several iterations during testing, including
an implementation quite different from Fig. 8 in
GVR 21. The lessons learned led to this system de-
sign and it has performed quite well to date. Only
fairly minimal, easily explained and corrected power
losses have occurred in GVR 22 and GVR 23. At the
time of this article this means that the GVRs have
performed well during the lowest solar charging
period (winter) and the highest power consumption
period (summer).

The sizing of the solar panel and battery was
chosen to accommodate system power parameters.
The 40 Ah battery should power the system without
charging in 40% of max TE power cooling conditions
(very high thermal conditions and atypical during
witnessed field conditions) for 2 days of operation
(a maximum of 12 h a day). Without thermal control
operating (i.e., very cloudy conditions) the large bat-
tery would power the remainder of the system for
several weeks. The 190 W solar panel should be cap-
able of recharging a near depleted battery during
system operation in one day during fair solar
conditions. The solar charging, battery and general
load circuit is controlled by a maximum power
point tracking (MPPT) solar charger capable of a
maximum of 15 A output to load and/or battery.

The MPPT charge controller, and likely any
switching controller, provided some problems on
the load line supplying the sensor and system. High
frequency noise on the load line was measured at ap-
proximately 3 V peak-to-peak (p-p) during operation.
This was discovered when components suffered ser-
ious operation degradation. In the case of the TE con-
troller, it was unable to toggle power to the cooler
thus rendering the thermal control useless. To com-
bat these issues, a simple but robust noise reduction
circuit was built onto the load output from theMPPT.
Two matched high power and high value electrolytic
capacitors are wired in parallel with a large toroidal
inductor bridging their connection. Another lower

Fig. 7. (Color online) Three days of GVR 22 operation during July
2012. Plot includes thermal and power data during clear and
cloudy periods.

Fig. 8. GVR system power block diagram.
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value high quality Teflon capacitor is also wired par-
allel to help reduce the higher frequency noise. The
result is a load output with measured noise less than
40 mV p-p during operation and is adequate for noise
control during operation of the entire system.

This power output, after the noise filtering, is sent
to three parallel operations (again seen in Fig. 8).
The data logger is powered continuously from this
output. The thermal control is also powered from this
output but its power is controlled via the data logger
as mentioned in previous sections. The signal electro-
nics, on the other hand, need positive and negative
matched input voltages as is common for circuits uti-
lizing operational amplifiers. In this case the dual
output is supplied from a high quality switching
power supply, which is powered by the main power
output. This dual output supply is also wired with
additional noise reduction components to ensure
low noise on the power lines to the signal electronics.

4. System Characterization

Prior to field deployment, the GVRs were character-
ized and calibrated in the laboratories at RSG
facilities. This section will include discussion of the
instrument and component characterization; specifi-
cally the FOV measurements, signal-to-noise ratio
(SNR) measurements, linearity measurements, filter
transmittance measurements, and the selection of
the radiometer’s spectral bands.

A customized double monochromator is used for
RSG filter (and other transmissive optics) transmis-
sion measurements. All filters were purchased
commercially off the shelf and have a nominal band-
width of 20 nm as specified by the manufacturer. The
results from RSG filter transmission measurements
confirmed the manufacturer bandwidths and
out-of-band blocking. The results of the filter mea-
surements performed are used as inputs into a
GVR-specific radiative transfer code.

The decisions leading to filter center wavelength
selections, while somewhat limited by commercial
availability, were based on the spectral variability
of the reflectance of the surface of interest: RRV
dry lake bed. The spectral variability of the dry lake
surface is largely dependent on moisture from
rain and melted snow. Figure 9 shows a ratio of
wet with respect to dry reflectance of the RRV site
along with the selected GVR center wavelengths.
The ratio was obtained from field spectrometer mea-
surements the day prior to and the day after rain on
the RRV site. The plot shows that knowledge of re-
flectance from 400 to 550 nm is important because
of the spectral dependence of the reflectance change
in this region. Also, the 1550 nm band will be able to
help better predict the spectral reflectance in the
SWIR region, which is also affected by water absorp-
tion. The effects and benefits of the spectral decisions
and resulting data are one of the main topics of much
current and future work. This work presented is
limited to the GVR design and laboratory work, so
discussion will be limited to the bearing that the

RRV playa spectral reflectance has on the design
decisions.

Laboratory FOV measurements were performed
using a 15 cm off-axis collimator with a small sphe-
rical integrating source (SIS) illuminating the colli-
mator’s input pinhole. The radiometer was placed
on a rotary stage with the plane of the eight entrance
apertures mounted at the center of rotation of the
stage. Results from this testing are shown in Figs. 10
and 11. The data presented in Fig. 10 are normalized
to maximum response, and horizontally shifted to
center the maximum at 0° (normal) relative to the
source. The figure depicts the full range of angles
measured and data are presented in logarithmic
scale to study potential stray light issues, which ap-
pear minimal. As is expected, the unshifted data
shows that the center of the FOV varies horizontally
depending on the physical location of the channel re-
lative to the placement of the radiometer. Thus the 2°
tilt of the focal plane is seen as a variation of the cen-
ter of the FOV. An example of this is shown in Fig. 11
and confirms that the physical 2° tilt for each spec-
tral channel measures optically as expected.

Linearity, SNR, and calibration measurements
were made using a 1 m diameter SIS with a 35 cm

Fig. 9. Ratio of wet and dry RRV dry lake surface reflectance with
noted GVR center wavelengths.

Fig. 10. GVR 22 channel 8 laboratory FOV measurements.
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diameter port. Calibration of the GVRs is discussed
in detail in the following section. SNRmeasurements
were extracted from the calibration measurements,
and linearity characterization was accomplished by
turning off lamp sources in the SIS. A total of 10
bulbs are used at the highest radiance level, and
the number of operating bulbs is decreased over time
as some GVR spectral channels saturate at higher
SIS output levels. Linearity measurements showed
that the GVRs are linear to the level that could be
tested with this source apparatus and reference
radiometer. The reference radiometer in this case,
an Analytical Spectral Devices Inc. field spectro-
meter, has been reported in other lab tests to be
linear on the 0.1% level [28]. Table 1 summarizes
the results of the SNR tests. GVR 21 results are
not included as some of the calculated SNR values
are artificially high due to utilization of a different
(12 bit resolution) data logger in that system.

5. System Calibration

RSG produced radiometers requiring radiance cali-
bration, especially those used in the field, are often
calibrated using both laboratory and outdoor meth-
ods [23,29]. Recently in the lab, the radiometers
are typically calibrated either by viewing at 45°
incidence a NIST calibrated Spectralon panel illumi-
nated by a NIST irradiance lamp standard, or by
directly viewing a 1 m SIS. The NIST standard
method [30] is preferred for the most accurate cali-
brations, however, in the case of an instrument with
a large FOV this method can be difficult to accurately
accomplish. In the case of the GVR, the NIST stan-
dard method was abandoned. The relatively large

FOV of the GVR creates a problem: the NIST lamp
standard, which is placed 50 cm away from the panel,
illuminates the panel in the center with a given irra-
diance. Cosine falloff results in incident irradiance
reduction further away from the center of the panel.
More specifically, at approximately 4 cm away from
the panel center the incident irradiance has fallen by
1%. To minimize this effect, some instruments with
larger FOVs are placed as close as possible to the pa-
nel without obstructing the light source. However, in
the case of the GVRs the eight spectral channels only
view the same region when they are 1.5 m away from
the object to be viewed. At this distance the FOVon a
panel is a restrictively large 26.2 cm diameter. For
these reasons, laboratory calibrations of the GVRs
were made using the 1 m SIS. In this method the
output of the SIS is viewed simultaneously by
RSG calibrated radiometers, which are used to trans-
fer the calibration to the instrument of interest, in
this case the GVR.

With past ground radiometer instrumentation,
SRBC was used almost exclusively for system cali-
bration due to temporal changes in the LED-based
radiometers. SRBCs can be performed on GVRs in
the field and are thus much more logistically reason-
able for field-deployed radiometers that require
frequent calibration. However, SRBCs can be some-
what time intensive during field work, and more
importantly require stable atmospheric conditions
and multiple calibrations to maximize the accuracy
of this calibration method.

The SRBC method has been discussed in depth in
various publications [19,23,29,31,32]. To summarize,
for this case of GVR SRBC, three types of GVR mea-
surements are made within a short period of time:
dark measurements, measurements of a white diffu-
ser illuminated by all ambient light (including solar),
and measurements of a white diffuser with the direct
solar illumination physically blocked by an occulting
disk. The white diffuser used is a 46 cm square Spec-
tralon panel that is leveled and centered below the
radiometer. It is fully characterized in the RSG
laboratory for spectral BRF as detailed in [33].

Figures 12 and 13 depict the two calibration meth-
ods. As previously mentioned, the laboratory radi-
ance calibration in this case is provided by a SIS
being simultaneously monitored by a calibrated
RSG radiometer. (In this case an Analytical Spectral
Devices Inc. field spectrometer was used.) The SIS
provides the radiance that is monitored by both
instruments. The radiance calibration coefficient
for a given radiometer channel, ki, is calculated
from the band-averaged hyperspectral radiance as

Fig. 11. GVR 22 FOV measurements showing results of two
opposing tilted channels.

Table 1. Laboratory SNR Results for GVRs 22 and 23 at Typical SRBC Signal Levels

400 nm 450 nm 500 nm 550 nm 650 nm 850 nm 1000 nm 1550 nm

GVR 22 1573a 1731 3262 1750 1819 1641 1937 2371
GVR 23 1725a 4170 7043 7105 3206 3247 3743 4682
a400 nm results are estimated using laboratory data scaled to typical solar radiation based calibration (SRBC) signal levels. This was

done because signal in this spectrum from the SIS is too low to estimate levels seen in the field.

10 January 2013 / Vol. 52, No. 2 / APPLIED OPTICS 237



measured by the spectrometer, Leλ (which is dark
corrected in the instrumentation software, and has
units of W · m−2 · sr−1 · μm−1), and the dark corrected
voltage output for the GVR channel, Vi, as in (1).

ki �
Leλ

Vi
. (1)

In the case of an SRBC, the calculations are more
involved. In order to ensure GVR output used for the
calibration is due only to radiance from the cali-
brated white Spectralon panel with illumination pro-
vided by the attenuated direct solar beam, the dark

corrected average voltages from the GVR while
shaded by an occulting disk, Vdiffuse, is subtracted
from the unshaded GVR output, Vglobal, as in (2).

Vdirect � Vglobal − Vdiffuse. (2)

Similar to Eqs. (1), (3) shows the calculation of the
SRBC calibration coefficient.

ki �
Leλ

Vdirect
. (3)

However, the radiance term in Eq. (3) is much
more involved. The radiance is a product of the atte-
nuated direct solar beam incident on the diffuser.
Equation (4) shows this relationship [29].

Leλ �
ρ

π
Eoλe−mδλτgas cos θ. (4)

The other terms in Eq. (4) are as follows:

ρ is the band-averaged reflectance factor of the panel
diffuser.
Eoλ is the spectral solar irradiance at the top of the
atmosphere (TOA) corrected for earth-sun distance
(typical units of W · m−2 · μm−1).
δλ is the total optical depth for a vertical path
through the atmosphere at the wavelength of inter-
est as derived from coincident measurements by an
RSGmanufactured automated solar radiometer [34].
m is the airmass that converts vertical optical depth
to a slant path as based on [35].
τgas is the band-averaged gaseous transmittance.
θ is the solar zenith angle (SZA) in this SRBC case.

The expected SRBC uncertainty is approximately
3% [23]. A lab radiance calibration using a NIST
standard has an approximately 2% uncertainty
[23]. In this GVR case the calibration is not a direct
NIST standard calibration and there is added
uncertainty due to the spectrometer repeatability
characteristics. Yet based on results with these spec-
trometers such as those reported in [28], the added
uncertainty should not result in greatly increased
uncertainties when the spectrometers are properly
used, thus the previous claim of an uncertainty for
laboratory calibration of approximately 2% should
be valid for this use.

Table 2 summarizes the calibration results for
GVR 23. Laboratory calibrations have been per-
formed on all three radiometers and SRBCs have
been performed on GVRs 21 and 23 at the time of this
publication. GVR 21 results are omitted due to
changes made to the system during this time period.
The GVR 23 results presented here were performed
as detailed in the previous paragraphs and calcu-
lated using the equations and equipment defined.
The SRBC results presented are from a calibration
collected at RRV playa during November 2011.
The GVR 23 results represent expected results from
GVR calibration barring radiometer changes over

Fig. 12. (Color online) SRBC of GVR 21 at RRV, Nevada (Nathan
Leisso pictured). Nathan is holding the occulting disk used to
shade the Spectralon panel during diffuse measurements.

Fig. 13. (Color online) GVR and ASD spectrometer (in the fore-
ground on tripodmount with fiber optic exiting to the rear) viewing
the SIS during laboratory calibration.
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time. They show differences less than the uncertain-
ties for the two calibration methods andmove toward
proving that SRBCs can be treated as calibration
checks for these instruments rather than relying
on the SRBC to account for major temporal varia-
tions, which is the case for previous radiometers.
However, SRBCs are likely necessary to evaluate
changes as the radiometer calibration, and especially
field related calibration issues (dirty windows or
similar) are likely to change over time. Ideally, radio-
meters would be calibrated in the laboratory as often
as once a year to ensure accurate, current calibration
results. However, this is difficult with the current
suite of instruments because of the lack of redundant
radiometer equipment.

6. Conclusions

Three improved GVRs have been produced and are
currently deployed at RRV dry lake bed, Nevada,
in support of RSG automated vicarious calibration
work. Radiometric calibrations and laboratory char-
acterizations have been performed and imply that
the radiometers are working properly and represent
a significant improvement over previous LED-based
radiometers.

Current and future work, including initial work in
[37], will address the improvements in the overall
quality of the vicarious calibration results provided
from the automated test site. The goal of radiometer
improvements is to achieve RadCaTS uncertainty
on the level of typical RSG in situ measurements.
Temporal variations of the new radiometers, espe-
cially due to field conditions, must be further studied
to assess their help in achieving this goal. Also, in-
creased production of improved GVRs is necessary
to fully phase out the LED radiometers. Ideally five
or more new GVRs would be operational, with one
full spare always housed at RSG laboratories. This
would allow long-term controlled experiments,
better and faster troubleshooting and fixing of
GVR issues, and provide an easy way to accomplish
more laboratory calibrations without interrupting
data collection.
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We would also like to acknowledge support from
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funding of RSG vicarious calibration work in support
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possible without support from the Bureau of Land
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District and Tonopah Field Office), the USGS, and
the NASA AERONET program.
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